The optimization of the valve plate transition region is an important way of reducing the noise emission for an axial piston pump. However, the optimized methods through simulation or experiment are actually trial and error, and they cannot indicate the precise structural parameters of the valve plate transition region. In this study, a new design method for the transition region of valve plate based on the matching of flow area and reduction of transient reverse flow was proposed, and with which a valve plate was designed. Then, the impact of the flow ripple in the discharge line of an axial piston pump and the pressure overshoot and undershoot in the piston chamber on hydraulic and structural noise for axial piston pump is discussed. The noise reduction effect of the axial piston pump with this valve plate was analyzed by adopting a flow characteristic simulation model. Finally, the results showed that the application of this design method could contribute much to the reduction of the flow ripple and elimination of the pressure overshoot and undershoot. As a consequence, the method can be used in the design of a low-noise open circuit axial piston pump.
Introduction
The use of axial piston pumps is rapidly increasing because of its high power-to-weight ratio and excellent controllability. However, due to the increasingly strict requirements on environmental impact, the noise generation within axial pumps arising from high pressure and speed is receiving growing attention. Generally, noise in an axial piston pump can be classified into two main categories, i.e., fluid borne noise and structure borne noise (Seeniraj and Ivantysynova, 2006a; Vacca et al., 2010) . A lot of research has been done to show that flow pulsations in the pump outlet and cavitation are the main reasons for fluid borne noise, while pressure overshoot and oscillation in the piston chamber result in excitations of structure borne noise, and all of them are mainly determined by the structure of the transition region between the delivery kidney and the suction kidney of valve plate, which is a fundamental component of an axial piston pump (Ivantysyn and Ivantysynova, 2001; Manring and Zhang, 2001; Kim et al., 2004; Ivantysynova et al., 2005; Johansson, 2005; Johansson and Palmberg, 2005; Vacca et al., 2010) . Kim et al. (2004) measured the pressure variations in the cylinder, the pressure pulsations in the discharge line, and the pump noise with three types of valve plate with different pre-compression angles and notches. Then, they proposed that pump noise could be reduced using the appropriate pre-compression angle and the V-notch design. Furthermore, Edge and Darling (1986) showed that the momentum of fluid in the Journal of Zhejiang University-SCIENCE A (Applied Physics & Engineering) ISSN 1673-565X (Print); ISSN 1862-1775 (Online) www.zju.edu.cn/jzus; www.springerlink.com E-mail: jzus@zju.edu.cn port place silencing groove accounts for the cylinder pressure undershoot at bottom dead center (BDC) and overshoot at top dead center (TDC). It is also the reason for cylinder pressure oscillation.
There have been many previous studies focused on the optimization of valve plate transition region to reduce noise emission for an axial piston pump (Seeniraj and Ivantysynova, 2006b; Nafz et al., 2008) . Manring (2003) investigated the principal advantages of various valve plate slot geometries within an axial piston pump. A methodology for designing a swash-plate axial piston pump, whose barrel kidneys are wider than the bridges separating the kidney ports on the valve plate, was introduced by Mandal et al. (2012) . They also performed a detailed parametric study on the effect of groove geometries in terms of groove volume, slope, and angular extent (Mandal et al., 2008) . Johansson and Palmberg (2005) designed an air drain groove for suction port timing, which gives the same effects as the traditional pressure relief groove. They also proposed that a valve plate with poorly designed suction port commutation produces about 7-8 dB more noise than a valve plate with a smooth de-compression zone. However, although there were extensive studies on the optimal structure of valve plate transition region, most of them merely verified the effects of the valve plate transition region on pressure variation in the piston chamber, or provided a comparison of noise reduction among valve plates with different transition regions, or optimized the parameters of the valveplate slot with a known structure of transition area, such as a triangular groove, a rectangular groove, and U-notch, by simulation and experiment. In fact, these optimization methods through simulation or experiment are actually trial and error, so they could not indicate the precise structural parameters of the valve plate transition region. As a result, since one cannot generalize from them, they are not versatile in establishing a complete method for designing the distribution of the valve plate.
Using a thorough analysis of the formation mechanism of pump noise emission, this paper proposes that the mismatch between the rate of flow area change and axial piston velocity change is the main factor for producing flow ripple and pressure overshoot. In addition, the transient reverse flow is also determined by that flow area. Then, a complete design method for the transition region of valve plate is proposed giving the matching of flow area and the reduction of peak value of the transient reverse flow by making it evenly distributed. A valve plate for a certain type of axial piston pumps is designed according to the new method, and the effects on flow pulsations and pressure overshoot are analyzed. Finally, some promising results are obtained, which prove that the proposed design method can be used in the design of a low-noise open circuit axial piston pump.
Simulation model
The test rig for output flow pulsations and the simulation model for flow characteristics and pressure overshoot of piston chamber of axial piston pump were established in accordance with the method of Ma et al. (2010) . The simulation model was improved by Xu et al. (2013) . The comparison and analysis between test and simulation results indicate that the theoretical simulation model is of high accuracy and can be used to guide the design of the valve plate (Ma et al., 2010; Xu et al., 2013) .
Mechanism of axial piston pump noise emission
Axial piston pump noise includes fluid noise and structure noise. The flow pulsations in the discharge line of the axial piston pump are the primary cause of fluid noise. For instance, the pressure ripple of the system converted from flow ripple under the action of load impedance can lead the piston pump and downstream hydraulic components, such as pipeline, hydraulic valves, and cylinders, to vibrate, which produces noise. The excitation of structural noise is the pressure overshoot in the piston chamber. The vibration caused by pressure overshoot can be transmitted to parts ranging from the swash plate, shaft, and bearing housing to the pump housing and its end cover, which produces noise (Ivantysynova et al., 2005) .
According to the established simulation model, the formation mechanism of the axial pump output flow ripple and chamber pressure overshoot can be analyzed as described below. Figs. 1 and 2 show the simulation results of an axial piston pump with the displacement of 71 ml/r, at 2.0×10 7 Pa working pressure, 1500 r/min working speed, and 17° swash plate angle.
The main feature of the axial piston pump delivery flow ripple is the short-duration backflow from the discharge kidney groove into the cylinder at the beginning of the delivery phase caused by undercompression of the cylinder fluid as the cylinder passes from the suction port to the delivery port (Harrison and Edge, 2000) . Fig. 1 shows the relationship between axial piston pump delivery flow ripple and the flow of a single piston chamber. The nine lines with the same shape in the lower portion represent the flow between the single piston chamber and the delivery kidney groove, the solid line in the upper portion represents the actual axial piston pump output flow, and the dashed line in the upper portion represents the flow confluence with elimination of the transient reverse flow.
Furthermore, the positive value of the dotted lines means the fluid flows from the piston chamber to the discharge kidney groove, while the negative value means the reverse condition. The minimum axial piston pump delivery flow, which significantly determines the amplitude of flow ripple, is itself determined by the amplitude of transient reverse flow. Therefore, for reducing the fluid noise, the transient reverse flow should be decreased.
Piston-chamber pressure changes between high delivery pressure and low suction pressure in one circle is shown in Fig. 2 . The pressure of the piston chamber fluctuates because of the pump outlet pressure ripple. In light of that, the piston chamber should complete the transition of pressure before entering into the actual suction and discharge phase. Therefore, if the design of the transition region is unreasonable, the pressure overshoot and undershoot in the piston chamber may occur. At the beginning and the end of the suction phase, the piston chamber produces pressure undershoot owing to its large pressure drop caused by the minor flow area of the piston chamber as shown in Fig. 2 . Meanwhile, the piston chamber produces pressure overshoot at the beginning and the end of the discharge phase. Therefore, to reduce the structure noise of the axial piston pump, and eliminate cavitation noise and pressure overshoot in the transition zone, the optimization for the transition zone of valve plate is essential.
In view of the above analysis, there are two main approaches of the new design method in this study for eliminating the pressure overshoot and undershoot and reducing the flow ripple:
1. Matching accurately the flow area between the piston chamber and kidney groove needed by compression and decompression.
2. Reducing the peak value of transient reverse flow by making it evenly distribute. 
Mathematical model
The transition region of valve plate was designed to reduce transient reverse flow and the pressure overshoot and undershoot in the piston chamber when piston hole diameter, pitch radius of the piston chamber out port, and the piston pump operating parameters are already known. Fig. 3 shows the schematic of the valve plate designed by the proposed method. As depicted in Fig. 3 , the transition region of the TDC includes two damping orifices and a relief groove, which connects to delivery kidney groove. The transition region of the BDC includes two damping orifices, which directly connects to the housing chamber and a groove. It should be pointed out that the shape of the damping notch is not limited to triangular.
As the cylinder rotates, the piston chamber is connected with the kidney groove on the valve plate. The width and the distribution radius of the kidney groove are equal to those of the piston-chamber out port according to the minimal-pressure-drop principle. The wrap angle φ 0 of the kidney groove is expressed as
where R p is the piston hole radius, and R 0 is the distribution radius of the piston chamber out port.
Transition region of TDC design
The piston chamber accomplishes the transition from suction to discharge when it rotates across the TDC. If it just moves to the TDC when the piston chamber and the suction kidney groove are just fully disengaged, the pressure of the piston chamber can avoid rapid decrease caused by the expansion of oil in a closed vessel, and the piston chamber can avoid connecting with the suction kidney groove when it begins to work at the stage of discharge, which can respectively avoid the phenomenon of cavitation and reduce the internal flow leakage of the axial piston pump. Thus, one of the angles deciding the position of the suction kidney groove is expressed as
where R v is the radius of the kidney groove. Fig. 4 shows that, at the end of the suction stage, the flow area shape between the piston chamber and the suction kidney groove is a 'football' that is divided into four parts to calculate the flow area. According to the geometry in Fig. 4 , the area A′ is derived as
where γ is the wrap angle of the football-shaped flow area. Then the flow area A is given by
Fig. 3 Schematic of the valve plate
where ε is the angle the piston chamber turns when the piston chamber outlet and the suction kidney groove ends just composing a circular flow area, and φ is the rotation angle of the piston chamber.
When the rotation angle of the piston chamber is φ k1 as shown in Fig. 4 , the piston chamber pressure is equal to the allowable minimum pressure P m . The cavitation will occur if the pressure continues to reduce (Wang, 2010) . Therefore, at this point, the piston chamber should connect to the discharge kidney groove so as to replenish the high pressure oil via a damping orifice 1. Then, the piston chamber pressure caused by the axial movement of the piston chamber will stop decreasing by a small high pressure transient reverse flow. Therefore, the position of the damping orifice 1 is derived as
where P s is the suction kidney groove pressure, ω is the cylinder angular velocity, R c is the distribution radius of the piston hole, β is the inclined angle of the swash plate, ρ is the density of the oil, C is the flow coefficient, and φ k1 is the angle the piston chamber turns when the piston chamber pressure is equal to the allowable minimum pressure P m . The high pressure oil, flowing from the damping orifice to the piston chamber, is determined by the discharge kidney pressure P d and the diameter d k1 of the damping orifice 1. According to the classical orifice equation, the diameter of the damping orifice 1 d k1 is given by
From Eq. (6), the maximum value of d k1 (φ) should be selected as the damping orifice radius to avoid cavitation in the piston chamber.
Eqs. (5) and (6) show that, if the geometry parameters of piston chamber were known, the position of the damping orifice 1 is mainly determined by the working speed of the axial piston pump. That means the greater the piston pump working speed, the closer to the suction kidney groove is the damping orifice 1. Thus, the axial piston pump rated speed should be selected as the design basis so as to prevent the cavitation from occurring over the entire speed range. The parameter d k1 is determined by the load pressure, and the larger the load pressure, the smaller is the damping orifice diameter. Therefore, the most common minimum pressure should be selected as the design basis.
The piston chamber enters into the precompression phase after passing through the TDC, and it completes the pressure transition from low suction pressure to high discharge pressure under the combined action of the volume compression caused by the axial movement of the piston and the backflow caused by the oil flowing from the discharge kidney groove into the piston chamber. Thus, the angle φ 2 shown in Fig. 3 is given by
Supposing the compression effects caused by the piston axial movement and the backflow are separate and sequential, and the pressurization caused by the axial movement of the piston chamber occupies 1/m of the whole pre-compression of the piston chamber, 
where K e is the modulus of fluid elasticity, θ 0 is the angle that the piston chamber turns when it completes the process of pre-compression, V p (θ 0 ) is the piston chamber volume when the piston completes precompression, and V p (0) is the initial piston chamber volume.
According to the pre-compression angle θ 0 obtained in Eq. (8), the wrap angle of the delivery kidney groove is given by
Supposing the pressure of the delivery kidney groove to be constant, to achieve the pre-compression of the remaining part in the piston chamber, the total amount of volume ΔV of the backflow from the kidney groove to the piston chamber is given by
The peak amplitude of flow ripple at the pump delivery port can be reduced by lowering the peak value of the backflow from the discharge kidney groove to the piston chamber. The easiest way to lower the peak value of the backflow is to make it evenly distributed within the angle θ 0 . Therefore, without consideration of piston chamber flow leakage, the piston chamber pressure is given by (Ivantysyn and Ivantysynova, 2001) 
where V p is the piston chamber volume, and V p0 is the minimum dead volume of the piston chamber. The pressure of the piston chamber in the pre-compression process can be obtained by Eq. (11) and the flow area of the relief groove A h is given by
where C e is the pressure flow coefficient, μ is the oil viscosity, and l is the length of the damping orifice 1. Then, if the flow area at the beginning of pre-compression process A h (0) is not quite zero a damping orifice, namely orifice 2, should be added to the beginning of the relief groove whose radius is given by
According to Eqs. (8)-(13), the wrap angle of relief groove and flow area in the process of pre-compression are determined by pressure and the working load speed of the axial piston pump. As the load pressure and speed increase, the angle and flow area also increase. If the rated pressure and rated speed of the axial piston pump are taken as the design basis, the pressure in the piston chamber will become greater than the load pressure instantaneously when the piston pump works with the conditions of low pressure and low speed. However, it will not affect the strength of parts, because the pressure peak is lower than the rated pressure of the pump. Other cases, such as low speed and low pressure, given this design basis, the piston chamber will produce a larger backflow peak because of the shortage of the precompression pressure under the conditions of high pressure and high speed. In short, it is best to regard the rated speed and rated pressure as the design basis.
Transition zone of BDC design
When the piston chamber stays at the end of the discharge stage, the damping orifice 3 connects the piston chamber to prevent pressure overshoot in the piston chamber. Thus, the choice of the position and diameter of the damping orifice 3 is the same as that of damping orifice 1. Meanwhile, the design basis for the damping orifice 3 also adopts the rated pressure and rated speed of the piston pump. But Δp here represents the maximum allowable pressure overshoot.
The flow area of relief groove of the BDC ensures that the backflow from the piston chamber to the suction kidney groove is constant, whose design is similar to pre-compression relief groove. Another damping orifice 4 is required in the transition region of BDC, for which the design is the same as that of the damping orifice 2. When the axial pump works at low pressure or low speed, if the rated pressure and rated speed are selected as the design basis, the piston chamber may complete the process of pressure decrease in advance. Then, the piston chamber has to suck oil through the damping orifice at the beginning of suction stage. On the other hand, the cavitation will happen readily owing to the small damping orifice area. Hence, the groove for pre-depressurization should be designed to reduce the backflow peak and prevent the occurrence of cavitation. The design should take the most common working conditions of the axial piston pump as its basis.
Valve plate design example
A new valve plate was designed for a particular commercial axial piston pump with the maximum displacement of 71 ml/r according to the design method above. The main valve plate design parameters and results are respectively shown in Tables 1 and  2 . During the design process, the pre-compression effect caused by the axial movement of the piston chamber is supposed to occupy only half of that in the piston chamber, i.e., m=2. Some design results should be rounded during the manufacturing process.
According to the design results, the valve plate has both relief grooves and timing. Furthermore, the wrap angle of the relief groove in the transition region across the TDC is greater than that across the BDC. The reason is that the piston volume is the maximum at the TDC, while the piston volume is the minimum at the BDC. Therefore, achieving the same differential pressure transition, the axial movement and the amount of backflow of the axial piston in the precompression period are slightly more than that in the pre-depressurization period.
Calculation of the triangle groove parameters
The comparisons between the ideal flow area and fitted flow area of transition region at TDC and BDC are respectively shown in Figs. 5a and 5b. The ideal flow area is obtained from Eq. (11). As can be seen from Fig. 5 , the new design for the relief groove of the valve plate is just a set of flow areas, so it can be a triangular groove, a U-shaped groove or a combined damping orifice in actual operation. To distribute the transient reverse flow evenly, the flow area increases rapidly at the end of these transition phases. Actually, a slight reduction of transient reverse flow at the end of pressure transition is acceptable. Therefore, the fitted flow area should increase rapidly at the end of Distribution radius of the piston chamber output section (m)
Minimum volume of piston chamber (m 3 )
3.728×10
Length of damping orifices (m) 8.75×10
−3
Flow coefficient 0.75 Table 2 Results of the design Parameter Value
13 . this phase, while there is no need to match the ideal area precisely. Then, a triangular groove and a cylindrical notch are chosen to fit the ideal flow area to facilitate manufacture. The parameters of a triangular groove calculated by the fminsearch function of Matlab are as given in Table 3 .
Calculation of the flow area
The respective instantaneous flow area between the piston chamber and kidney groove on valve plate is the key factor in determining the pressure transition, especially in the transition region where the geometrical cross-sectional area changes sharply due to the relief grooves (Mandal et al., 2008; Xu et al., 2013) . This area depends on the angular location of the center of the piston kidney port along with the geometry of the relief groove and the kidney groove (Mandal et al., 2008) . The calculation formula of the flow area should be represented accurately by a piecewise function because its shape changes together with their relative positions (Guan et al., 2014) . Taking the rotation of the piston from the kidney groove of the discharge stage to the suction stage as an example, the calculation formula includes several cases:
1. When the piston chamber connects to the damping orifice, the flow area can be simplified to what is shown in Fig. 6 , and then the flow area is expressed as
where α 1 is the angle of ADB, α 2 is the angle of ACB, S 1 is the area of the triangle ADC, R k is the radius of the damping orifice, L k is the distance between centers of the two circles shown in Fig. 6 , and η 0 is the wrap angle between centers of the two circles shown in Fig. 6 . 2. When the piston connects with the triangular groove, the flow area shown in Fig. 6 can be expressed as
where S 2 is the area of the shaded part in Fig. 6 , θ 1 is the depth angle of the triangular groove, θ 2 is the width angle of triangular groove, and η 1 is the cross angle between triangular groove and the kidney groove shown in Fig. 6 . 3. When the piston chamber connects to the end part of the kidney groove, the area is as expressed in Eq. (4). 4. When the piston chamber connects with the middle part of the kidney groove, the flow area shown in Fig. 6 can be given by
where η 2 is the wrap angle between centers of the two circles. 5. When the piston chamber entirely connects to the kidney groove, the flow area shown in Fig. 6 can be expressed as
The change of the piston chamber flow area of the original valve plate as well as the new valve plate in a cycle is shown in Fig. 7 . Furthermore, the delivery and suction flow areas of the original valve plate are shown as the solid line and the dash line, respectively, while the dash-dotted line and dotted line show the delivery and suction flow area of the new valve plate, respectively.
Results and discussion
The noise reduction effect of the designed valve plate is analyzed by a simulation model for the flow characteristics of an axial piston pump. The load pressure of the model is 2.0×10 7 Pa. The working speed is 1500 r/min, and the inclined angle of the swash plate is 17°. Note that the transition region of the original commercial valve plate is designed by the optimized method, which also includes a relief groove and a damping orifice.
The flow changes between the kidney groove in the valve plate and the piston chamber corresponding to different valve plates are shown in Fig. 8 . From  Fig. 8 , we can see that the backflow corresponding to the new valve plate is evenly distributed, and its peak value is much less than that of the original valve plate.
The comparison of the flow ripple for this type of axial piston pump with original valve plate and new valve plate is shown in Fig. 9 . The detailed results of the comparison are listed in Table 4 , from which we can see that the minimum flow rate of the pump with a new valve plate increases by 0.25 L/min, the amplitude of flow ripple decreases by 0.23 L/min, and the flow ripple decreases by 0.24%. Therefore, compared to the pump with the original valve plate, the flow pulsation of the axial piston pump with the new valve plate is reduced. The comparison of pressure in the piston chamber with different valve plates is shown in Fig. 10 . The piston chamber pressure corresponding to the original valve plate in the transition region has two obvious pressure undershoots and one pressure overshoot. Pressure undershoot can lead to air suction and cavitation in the piston chamber. However, for the pump with the new valve plate, pressure undershoot is almost non-existent in the transition region of the piston chamber pressure. In addition, the pressure overshoot in the piston chamber with the new valve plate is considerably reduced. As shown in Fig. 10 , although the piston chamber pressure in the early suction stage reduces slightly because the flow leakage is not considered in the design theory and differences exist between the working parameters of design and simulation, the design method for the kidney groove and the transition region of the valve plate helps to reduce pressure pulsations and eliminate pressure overshoot and undershoot of the axial piston pump.
In summary, the design method for the kidney groove and the transition region of the valve plate can significantly reduce the flow pulsations of the axial piston pump and eliminate the pressure overshoot and undershoot of the piston chamber, which helps noise reduction in the axial piston pump. Further, the fitting of the optimal flow area can be achieved by using different structural relief grooves, because this design is not limited to the structure of the relief groove, and thus the method can be of universal applicability. 
Conclusions
The formation mechanism of a noise excitation source is analyzed by adopting a simulation model of the axial piston pump flow characteristics. The amplitude of the flow pulsations in the discharge line is mainly decided by the peak value of the transient reverse flow. Moreover, the mismatch between the rate of flow area change and axial piston velocity change is the fundamental reason for producing pressure overshoot in the piston chamber and the flow pulsations.
A new design method for the kidney groove and the transition area of valve plate is proposed, which targets the elimination of the pressure overshoot and undershoot in the piston chamber and the reduction of the flow ripple in the discharge line of an axial piston pump. The simulation shows that applying the valve plate designed with this new method can reduce the flow pulsations in the discharge line and basically eliminate the pressure overshoot and undershoot in the piston chamber. Thus, the noise is effectively lowered.
The new design method for the kidney groove and the transition area of valve plate is mainly used for open circuit axial piston pumps. However, for closed circuit axial piston pumps, due to the relief groove changing with the interchange between the suction and discharge kidney groove, much more thorough and targeted studies are required. Additionally, the best ratio of the pressure caused by the axial movement of the piston in pre-compression should be optimized in the actual design. 
